An acid functionalized MWCNT/PVP nanocomposite as a new additive for fabrication of an ultrafiltration membrane with improved antifouling resistance by Irfan, Masooma et al.
RSC Advances
PAPERAn acid functionaDepartment of Science, Faculty of Science
Universiti Tun Hussein Onn Malaysia,
Malaysia. E-mail: hatijah@uthm.edu.my; F
bAdvanced Membrane Technology Research
Malaysia, 81310 UTM, Skudai, Johor, Mala
cDepartment of Bioprocess Engineering, Facu
of Bioproduct Development, Universiti Tekn
Johor, Malaysia
Cite this: RSC Adv., 2015, 5, 95421
Received 14th June 2015
Accepted 2nd November 2015
DOI: 10.1039/c5ra11344j
www.rsc.org/advances
This journal is © The Royal Society of Calized MWCNT/PVP
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an ultraﬁltration membrane with improved anti-
fouling resistance
Masooma Irfan,ab Hatijah Basri,*a Muhammad Irfanc and Woei-Jye Laub
Membrane fouling is one of the main challenges encountered in ultraﬁltration (UF) processes and the use of
nanoparticles for the improvement of UF performance is a recent trend in membrane technology. In this
study, in order to improve surface characteristics of polyethersulfone (PES)-based membranes for
greater resistance against biofouling, PES was incorporated with a new type of nanocomposite (NC) in
which the NC could be synthesized by blending acid functionalized multiwalled carbon nanotubes (f-
MWCNT) with polyvinylpyrrolidone (PVP) in dimethylformamide (DMF). The chemistry of the NCs
embedded within the PES membrane matrix was analysed by FTIR, whereas the fabricated membranes
were characterized by FESEM, contact angle, water absorption tests, surface proﬁle studies and their
ﬁltration performances with respect to pure water permeation, antifouling resistance against proteins
and ﬂux recovery rate. The results revealed that, compared to the pristine PES membrane, the antifouling
ability of the PES membrane incorporated with f-MWCNT/PVP NC is greater, recording 81.7% ﬂux
recovery and 80.2% total resistance (>76% were reversible one). The protein separation results indicated
that, the NCs based membrane was able to reject 93.4%, 74.7%, 59.4% and 28.5% for bovine serum
albumin (66 kDa), pepsin (34.6 kDa), trypsin (20 kDa) and (14.6 kDa), respectively.1. Introduction
Methods for protein concentration and separation are in high
demand due to the rigorous requirements for high-purity
proteins.1–3 Several separation methods such as ultraltration
(UF),4,5 tangential ow ltration,6 adsorption,7 and electropho-
resis membrane contactors8 have been applied in the concen-
tration and separation of proteins from their mixtures. Among
these methods, UF has been extensively adopted in the isolation
and purication of proteins because it does not require large
quantities of salts and buﬀers, oﬀers continuous operation and
eliminates some of the troublesome aspects related to chro-
matography techniques.3,4,8
Polymeric UF membranes are the key component for more
eﬃcient use of UF processes in purication and separation of
proteins. Most of the commercial UF membranes are fabricated
from hydrophobic/semi-hydrophobic polymers such as PES,, Technology and Human Development,
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(PVDF), by the phase inversion method.9 Among which PES is
one of the most broadly used polymers for UF membrane
making.
Polyethersulfone is a thermoplastic polymer having excellent
chemical and thermal stability as well as high mechanical
strength.10Despite the advantages as a membranematerial, PES
itself is not hydrophilic enough and thus the water permeability
of PES membrane is not satisfactory in practical applications. It
is also susceptible to serious membrane fouling, leading to the
gradual decrease of permeation ux and frequent membrane
washing.11,12 Therefore, PES-based membrane is oen modied
to improve its hydrophilicity, anti-fouling ability and ltration
properties before its practical use.
In recent years, inorganic materials have received more and
more attention in membrane modication. By introducing
inorganic materials into the organic membrane matrix,
organic–inorganic hybrid membranes that combine the basic
properties of organic and inorganic materials could be
demonstrated. These include enhanced separation perfor-
mance, promising anti-fouling ability, good thermal and
chemical stability as well as greater adaptability to harsh envi-
ronments.13,14 Zirconium oxide (ZrO2), titanium oxide (TiO2),
zeolite, mesoporous silica (SiO2) and carbon nanotubes (CNTs)
are some of the examples of inorganic llers that have beenRSC Adv., 2015, 5, 95421–95432 | 95421
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improved antifouling capacity.15–18 Among these materials,
CNTs have gained signicant attention whether in laboratories
or industries, owing to their rapid mass transport behavior
caused by large surface area, in combination with excellent
mechanical, electrical and thermal properties.
Nevertheless, direct use of CNTs without surface modica-
tion for membrane making is likely to cause a poor distribution
of nanollers in the membrane matrix, creating defects on
membrane surface. These negative features are mainly attrib-
uted to the agglomeration of CNTs in the polymeric dope
solution.19–23 Salvetat et al. further reported that poor dispersion
of CNTs could lead to drastic weakening of the polymer
composites and aﬀected the mechanical and functional prop-
erties of CNTs/polymer composites.24–26
To enhance the properties of CNTs as active reinforcements,
mechanical approach (e.g. ultrasonication/high stirring mix-
ing27–29) and chemical modication (e.g. acid functionaliza-
tion30,31) are generally considered. The chemical-based
approach however is still the most eﬀective way to achieve the
desired properties. Upon acid functionalization, the modied
multiwalled carbon nanotubes (MWCNTs) were reported to
disperse better in the polymer matrix.32 It is because the intro-
duction of carboxylic acid (–COOH) and hydroxyl (–OH) groups
on the surface of MWCNTs tended to enhance the ionic char-
acter of the nanotubes, resulting in improved dispersion in
polar solvent. On the other hand, in order to improve the
hydrophilicity of PES, PVP is commonly used as the hydro-
philizing additives. It inhibits the protein adsorption on the
membrane surface and increases the ux recovery ratio with
reversible protein resistance. PVP is also highly polar, non-
ionic, physiologically inert, amphiphilic and water-soluble
polymer, it can swell in aqueous media and alter the
membrane characters during actual performance.33–35 It has
been previously reported that PVP could play an important role
to reduce the aggregation eﬀect of MWCNTs and further
improve its disperse ability in diﬀerent solvents.36 However, it
must be pointed out that the nanocomposites of PVP with
functionalized MWCNTs (f-MWCNTs) are rarely been reported
in the study of protein separation and antifouling of UF
membrane. Surface modication of MWCNTs is required in
order to enhance their bonding behavior toward hydrophilic
molecules via hydrogen bonding.37,38 Fig. 1 illustrates the
interaction of PES membrane with MWCNT/PVP NC via
hydrophobic–hydrophobic interaction or p–p stacking.
Chang et al.39 fabricated the graphene oxide/PVP based PVDF
membrane via hydrogen bonding and van der Waals force. It is
observed that without graphene oxide, the increasing amount of
PVP tended to create larger pores in PVDF/PVP membranes.
Besides, most of the PVP was washed away during the phase
inversion process. According to the authors, the use of graphene
oxide was likely to interact with PVP via its hydroxyl/carboxyl
functional groups, reducing PVP leaching and enhancing the
anti-fouling properties of membranes. Wang et al.40 on the other
hand, coated mussel-inspired dopamine on the surface of
commercially available UF andmicroltration (MF) membranes
through one-step polymerization. Results showed that in95422 | RSC Adv., 2015, 5, 95421–95432addition to the greater water ux achieved, the surface-modied
membranes demonstrated superior antifouling properties
during protein-rich water and oil-in-water emulsion treatment
processes. These studies suggested that appropriate modica-
tion of the membrane surface could improve the antifouling
performance of the pristine polymeric membranes.
The objective of this work is to expand the scope of using f-
MWCNT/PVP based NCs to produce potentially high perfor-
mance antifouling UF membranes that made of PES polymer.
MWCNTs were acid-functionalized in order to improve their
dispersion and develop hydrogen bonding with PVP and PES.
The inuence of novel NCs on the PES membrane properties
was further studied based on FESEM, contact angle and water
absorption measurements. The membrane surface prole was
extensively described in terms of diameter, area, volume,
length, and perimeter of surface grain by AFM. The protein
adsorption results with ux recovery, the total resistance rate,
the reversible resistance and the irreversible resistance studies
were discussed in detail with the membranes antifouling
performances.
2. Materials and methods
2.1 Materials
PES, (Ultrason E6020P) having an average molecular weight
(MW) of 58 000 g mol1 was purchased from BASF, Germany.
DMF [HCON(CH3)2; MW ¼ 80.14 g mol1] of 99.8% purity was
purchased from Labscan Asia Co., Ltd. Pristine MWCNTs (color:
black, purity: >98%, length: 12 mm, avg. diameter: 10 nm and
true density: 0.05 g cm3) were purchased from Chengdong
(China). Bovine serum albumin (BSA, 66 kDa), pepsin (35 kDa),
trypsin (20 kDa) and lysozyme (14.6 kDa) were purchased from
Sigma-Aldrich. Other chemicals used in this work were of
analytical grade and used without purication.
2.2 Acid functionalization of MWCNTs
The purpose of acid functionalization of raw MWCNTs is not
only to remove impurities of metallic catalysts from CNTs but
also to introduce polar carboxylic (–COOH) and hydroxyl (–OH)
functional groups. 4 g of MWCNTs was treated with a mixture of
nitric and sulfuric acid in the ratio of 3 : 1 in a ask equipped
with a condenser and a stirrer at the 110 C for 24 h. The
solution was diluted with 1 L of de-ionized (DI) water and
ltered through a 0.22 mm polycarbonate membrane. The
synthesized f-MWCNTs were washed with DI water until the pH
of the ltrate became 7. It was followed by drying in an oven.38,41
2.3 Membrane fabrication
The dope solutions of diﬀerent membranes were prepared
according to the formulation shown in Table 1. At rst, diﬀerent
NCs were synthesized by blending PVP and f-MWCNTs for 6 h in
DMF until the homogeneous dispersion was obtained. It was
followed by the addition of PES at 80 C. The solution was
continuously stirred overnight in order to completely dissolve
the PES. Upon completion of stirring, the dope solution (PES/f-
MWCNT/PVP nano-hybrid solution) was cooled down naturallyThis journal is © The Royal Society of Chemistry 2015
Table 1 Formulation of PES and nanocomposite based membranes
Formulation (wt%)
Membrane designation
Nanocomposites
PESf-MWCNT PVP DMF
Mem-0 — — 84 16
Mem-NT 0.2 — 83.8 16
Mem-1 0.05 3 80.95 16
Mem-2 0.1 3 80.9 16
Mem-3 0.2 3 80.8 16
Mem-4 0.3 3 80.7 16
Mem-5 0.5 3 80.5 16
Fig. 1 Schematic representation of NCs (f-MWCNT/PVP) based PES membranes.
Paper RSC Advancesto room temperature before pouring into the storage bottle. The
ultrasonic bath was used to remove the air bubbles from the
dope solution. The viscosities of dope solutions were then
measured using digital rheometer (DV-III, Brookeld) equipped
with a sample adaptor (SC4-31) at 25 C.42 Flat sheet membranes
were made using non-solvent induced phase inversion process.
At rst, the polymer solution was spread on a dust free glass
plate. The dope was cast using a casting knife with a thickness
of 200 mm followed by immediately placed in a coagulation bath
of DI water at room temperature. Aer the post treatment with
hot water at 90 C for 30 min, the resultant membranes were
stored in water container until use. Post treatment is necessary
to remove loosely blended NCs from PES matrix and minimize
membrane shrinking.
2.4 Characterization
2.4.1 f-MWCNT, f-MWCNT/PVP and membranes. The
surface functional groups of the f-MWCNTs were determined
using FTIR (Spectrum One B, Perkin-Elmer). Prior to analysis,
all the f-MWCNTs were heated to 70 C for 2 h to remove water
content. Same approach was used to analyse the chemistry of
the NCs and membrane samples prepared in Section 2.3. The
scanning range of the experiment was 375–4000 cm1 and
during the analysis, the number of scans with the air as the
background was kept constant. The XRD patterns of theThis journal is © The Royal Society of Chemistry 2015MWCNTs with and without acid functionalization were
measured at 2q ranging from 10 to 80 (0.1 step size and 1
second per step) using XRD instrument (D8 Advance X-ray,
Bruker).
2.4.2 Membrane morphology. The cross section
morphology and surface topography of membranes were
determined using FESEM (JEOL JSM-7500F). The membrane
sample was snapped in liquid nitrogen and followed by
sputter-coated with platinum and mounted onto brass plates
using double-sided cellophane tapes in a lateral and frontal
positions.
2.4.3 Contact angle and water absorption. An optical
contact angle measurement system using dynamic, sessile
drop method (CAM 101 optical Contact Angle Meter, KSV
Instruments) and water absorption was used to determine
the surface hydrophilicity of the fabricated membranes. For
the water adsorption experiment, the membrane samples
(5 cm  5 cm) were dried in an oven at 60 C for 2 h before
testing and then weighed (Mdry). The pre-weighted sample
was soaked in DI water at room temperature for the next
48 h. Wetted membrane (Mwet) was then weighed again
aer removing water from the surface with tissue paper.
The water uptake of the membrane (%) was determined using
eqn 1.43,44
Water uptake ¼ Mwet  Mdry
Mdry
 100 (1)
2.4.4 Surface roughness by line statistics table and 3D
pictures. The 3D micrographs with quantitative measurements
of line statistics quantities were analyzed using the AFM (Park
XE-100). For the scanning, contact mode was used and all
roughness parameters of membranes were determined by an
XEI-AFM standard soware program from the AFM scanned
images (2.5 mm  2.5 mm). In the line statistics table, Min, Max,
Mid and Rpv symbolize the minimum height, maximum height,
the average between the minimum and maximum height and
peak-to-valley respectively, whereas Rq, Ra, Rz, Rsk and Rku
correspond to root-mean-squared roughness, roughness
average, ten points average roughness, skewness and kurtosis of
the line, respectively.RSC Adv., 2015, 5, 95421–95432 | 95423
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image processing and analysis soware was used for the
detection of diﬀerent grains on the membrane surface. In the
grain analysis, the soware automatically detects the grains in
the loaded image, calculates the length, volume, area and
perimeter of each detected grain and then pore radius and
diameters were mathematically calculated by using the ob-
tained data (length and volume). The watershed method was
used for detection of grain on the surface of membranes.
According to that, if water is poured over themembrane surface,
then water aer lling one grain will start to overow to other
neighboring grains and thus more grains are detected. Algo-
rithm recognizes this point and sets the grain boundaries in
terms of surface proles.45
2.4.6 Water ux and fouling test. Cross ow cell having an
eﬀective area of 42 cm2 was used to calculate the pure water
permeation (Jw1, Jw2 and Jw3) and protein ux (Jp) through
diﬀerently formulated membranes. DI water was utilized for
the experiments at the pressure of 2.75–3.0 bars at room
temperature. Membrane pure water ux (Jw1) was calculated
using eqn (2).
Jw1 ¼ V
t  A (2)
where V (L) is the volume of permeate, A (m2) is the eﬀective area
of the at sheet membrane and t (h) is the UF time. UF exper-
iment was continued to determine the antifouling property of
membranes; UF experiment was continued by replacing pure
water with feed protein solution containing 1000 ppm BSA. The
experiment was performed under the same condition for the
next 1.5 h and BSA ux was noted as ‘Jp’. Aer that, the feed
solution tank was relled with DI water and the membrane
was cleaned by allowing the DI water to ow for 30 min under
the same condition as a pure water permeability test. Then,
pure water ux (Jw2) was re-measured. The experiment was
continued in the 2nd round and again DI water was replaced by
the BSA solution followed by washing and measurement of ux
as Jw3 to obtain the ux recovery percentage (RFR) as expressed
in eqn (3).46
RFRð%Þ ¼ Jw3
Jw1
 100 (3)
Generally, the fouling of UF membrane is caused by revers-
ible and irreversible ones. Reversible fouling can be simply
removed by washing with water. However, irreversible fouling
remains aer washing unless more drastic chemical cleaning is
applied. To better analyze the mechanism, the total resistance
rate (Rt), the reversible resistance (Rr) and the irreversible
resistance (Rir) rate were calculated using eqn (4), (5) and (6)
respectively.47,48
Rtð%Þ ¼

1 Jp3
Jw1

 100 ¼ Rr þ Rir (4)
Rrð%Þ ¼ Jw3  Jp3
Jw1
 100 (5)95424 | RSC Adv., 2015, 5, 95421–95432Rirð%Þ ¼ Jw1  Jw3
Jw1
 100 (6)
2.4.7 Protein adsorption studies. To determine the adsor-
bed amount of BSA, static and dynamic protein adsorption
experiments were performed on the prepared membranes at pH
y 7. Small pieces of membranes were immersed into vials
containing 10 mL of BSA solution (1 g L1) in 10 mmol L1
phosphate buﬀer of pH y 7. The HCl and NaOH aqueous
solutions (0.1 M) were used to maintain the pH. In the static
method, the vials were placed on the stable horizontal table,
whereas in the dynamic method, the vials were kept on the
water shaker for 6 h at room temperature (25 C). Aerward, the
membranes were removed from protein solutions and the
concentration of BSA in the supernatant solutions was deter-
mined using Bradford reagent. The adsorbed amounts of BSA
on the membranes were determined from the change in
concentration of the BSA solution before and aer the adsorp-
tion via calibration curve method.46
2.4.8 Protein rejection. Protein transmission experiments
were conducted at pHy 7 and 0.05 N HCl and NaOH solution
were used to maintain the pH. Four types of proteins (66 kDa
BSA, 34.6 kDa pepsin, 20 kDa trypsin and 14.6 kDa lysozyme)
were used. The feed container was lled up with 250 mL solu-
tion of proteins (1000 ppm) and UF was performed for 30 min at
2.75–3.0 bar. The protein rejection R (%) was calculated using
eqn (7)
R ¼

1 Cp
Cf

 100 (7)
where Cp and Cf are the protein concentrations (ppm) in
permeate and feed solution, respectively. Micro BCA™ protein
assay reagent kit was used to determine the amount of protein
through calibration curve method.3. Results and discussion
3.1 f-MWCNTs/PVP based NCs
DMF was used as the solvent for f-MWCNT, NCs andmembrane
formation and the solvent solubility parameter was used for the
selection of proper dispersion of f-MWCNT in DMF.49 Acid
functionalization of MWCNTs produces polar (carboxyl and
hydroxyl) functional sites on the surface of MWCNTs which
contributes not only to its homogeneous distribution in DMF
but also the creation of hydrogen bonds with nitrogen and
hydrogen atoms that, present in the PVP molecules (see
Fig. 1).50,51 Fig. 2 shows the FTIR spectra of the MWCNT, f-
MWCNTs, pure PVP and diﬀerent NCs. The diﬀerences
between FTIR spectra of raw and modied MWCNTs show that
new peaks detected at 2950 cm1 and 3450 cm1 in the f-
MWCNT corresponded to the O–H of acid and alcohol. Peak
existed at 1030 cm1 on the other hand could be attributed to
primary alcohol R–O–H (1025–1060 cm1).52 These peaks
conrmed the attachment of acid and alcohol functional
groups onto the f-MWCNT surface. With respect to the spectra
of PVP, the band found at 1698 cm1 was related to theThis journal is © The Royal Society of Chemistry 2015
Fig. 2 FTIR spectra of MWCNT, f-MWCNT and NCS (PVP/f-MWCNT in
DMF).
Paper RSC Advancespyrrolidone C]O group while the bands at 1031 cm1, 1260
cm1 and 1427 cm1 were due to C–C stretching vibration, C–N
stretching vibration and C–H bending vibration of PVP,
respectively.53
In the FTIR spectra of diﬀerent f-MWCNT/PVP NCs produced
(see Table 1), three sharp peaks were observed in each NC at
1650, 2900 and 3400 cm1. These peaks belong to a tertiary
amide, alcohol and –OH of acids, respectively. To conrm the
existence of hydrogen bonding, one can observe that peaks
became broadened or sharpened and moved to lower absorp-
tion frequency.54 Compared to the FTIR spectra of f-MWMCT
and PVP, the peak at 3400 cm1 was changed and became
broadened. Also, the presence of a sharp peak at 1640 cm1
conrmed the presence of hydrogen bonding in all NCs.
The chemical functionalization of MWCNTs is also
conrmed by the XRD results (see Fig. 3). The obtained results
are consistent with the ndings of Cheng et al. and Buang
et al.55,56 The signicant XRD patterns of the pristine MWCNTs
observed at 2q of 25.4 and 42.4 were corresponded to (002)
and (100) planes of the carbon atoms, respectively. The same
(002) reection peak was also observed in the case of func-
tionalized MWCNTs, but the intensity of the peak was relatively
higher compared to pristine MWCNT. This indicated that aer
acid treatment the structures were changed in the interlayer
spacing of MWCNTs owing to the introduction of functional
groups.55 The XRD patterns of both pristine and f-MWCNTsFig. 3 XRD results of MWCNT and f-MWCNT.
This journal is © The Royal Society of Chemistry 2015were quite similar, suggesting that the cylindrical wall struc-
ture was protected even aer undergoing the acid treatment.3.2 Viscosities of dope solutions
As the f-MWCNT is expected to have a high contact surface ratio,
the addition of it in the dope solution could increase the
viscosity of solution. For all the fabricated membranes, the
amount of PVP was xed at 3% and the f-MWCNT concentration
was varied from 0.05 to 0.5%. It was physically observed that the
addition of f-MWCNT increased the viscosity of the dope solu-
tions as shown in Fig. 4. The presence of inorganic materials in
dope solution has also delayed phase separation rate, altering
the thermodynamic state of the solution and aﬀecting the
conformation and dynamics of the polymer. Hence, the
formation of fewer nger-like capillaries and more sponge-like
structures were created in the membranes.57 The reduction of
capillaries as a function of viscosity in membrane structures
was conrmed by FESEM. Further discussion of the membrane
morphology will be provided in Section 3.3.2.3.3 Membranes
3.3.1 FTIR. Fig. 5 presents the FTIR spectra of diﬀerently
formulated membranes. In the spectra, the bands at 1249 and
1134 cm1 were attributed to the stretching vibrations of S]O
asymmetric and S]O symmetric respectively, while peaks at
1480 and 1570 cm1 corresponded to bending vibration of PES
aromatic rings.58 The broad peak found at 3450 cm1 could
conrm the existence of f-MWCNTs in a membrane that wasFig. 4 Viscosities of dope solutions used for membrane making.
RSC Adv., 2015, 5, 95421–95432 | 95425
Fig. 5 FTIR spectra of all the fabricated membranes.
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MWCNTs. Besides, the slight increase in the peak intensity of
3100 cm1 is the evidence of the presence of alcohol. The FTIR
spectra of Mem-NT membrane did not show any prominent
changes compared to Mem-1 to Mem-5 membrane. The
stronger intermolecular bonding of the O–H stretching vibra-
tions may give rise to broad and intense bands which are oen
overlaid with peaks due to Fermi resonance interactions O–H
stretching.59 Thus, the FTIR spectra of membranes conrmed
the presence of hydrogen bonding at 3400, 3100 and 1650 cm1.
3.3.2 FESEM. Fig. 6 presents the cross-sectional and
topology micrographs of the PES and PES/NCs based
membranes. Membranes with diﬀerent NCs exhibited diﬀerent
structures and the characteristic asymmetric morphological
structure consisted of a dense layer and nger like-structure as
observed in Mem-0 membrane.60,61 The addition of NCs in the
dope solution improved the sponge-like structures of Mem-
0 (bare PES) and Mem-NT membranes into very ne, dense
nger-like conguration, especially in the membranes of Mem-
1 to Mem-3; Mem-5 membrane, however, showed the disap-
pearance of ne capillaries with irregular wide capillaries and
formation of sponge and dense layer in the membrane surface.
All PES/NCs membranes tended to display long channel-like
structure which progressively transformed to open ends as
clearly visible in Mem-3 and Mem-4 membrane. When the
concentration of f-MWCNT was increased to 0.2 g and 0.3 g in
the Mem-3 and Mem-4, respectively; the spongy structure at the
bottom of the membrane tended to deform, creating huge voids
and making membranes poor in mechanical strength.62 A
change in the rheological properties of the dope, including
a change in the viscosity, might inuence the distribution of f-
MWCNT/PVP NCs in the membrane matrix. As mentioned in
Section 3.2, the addition of NCs with diﬀerent amount of f-
MWCNT aﬀects the kinetics of phase separation and high
viscous dope solution delays the solvent exchange rate with95426 | RSC Adv., 2015, 5, 95421–95432coagulation bath which ultimately result in spongy membrane
formation.57 Both PVP and f-MWCNT play important roles in
contributing –COOH and –OH groups to nal polymeric
membranes produced. The presence of NCs generates insta-
bility within the polymer solution and increases the exchange
rate between solvent and water in the coagulation bath due to
the increased hydrophilic eﬀect compared to the pristine PES
membrane. The Mem-5 membrane which showed the highest
value of viscosity (Fig. 4) due to the high amount of f-MWCNT
embedded, did not seem good to develop a regular capillary
system in the membrane. Moreover, poor dispersion of NCs
especially aggregation of f-MWCNT in Mem-5 was also observed
by a 3D picture of AFM (Fig. 7), which might be responsible to
its poor dispersion and ultimately aﬀected its morphology.
3.3.3 Dispersion of NCs and surface roughness. Fig. 7
represents the 3D structure of all formulated membranes,
whereas Table 2 shows their quantitative measurements of line
statistics with diﬀerent parameters. In the 3D pictures, white
and brown colours demonstrate the presence of diﬀerent
surface heights, whereas in Mem-1 to Mem-5, the white color
spine shaped structures represent the aggregation of NCs
(especially f-MWCNT). From these 3D images, it is clear that the
surface properties of the prepared membranes were altered
upon the addition of NCs. In all the NCs based membranes,
Mem-5 showed the maximum accumulation of NCs followed by
Mem-4. Fig. 8 shows the dispersion of f-MWCNTs in the form of
NCs in membrane matrix, observed via FESEM. These surface
images showed that dispersion quality of NCs was depended on
the quantity of f-MWCNT added. As the amount of f-MWCNT
was increased from 0.1 to 0.5 g, the dispersion quality
decreased in the membrane. The Mem-2 and Mem-3 showed
almost similar result, but were better result compared to the
Mem-4 and Mem-5. A signicant agglomeration of NCs was
found in Mem-5. The observation was in good agreement with
the 3D AFM image (Fig. 7) which also pointed that 0.5 g of f-This journal is © The Royal Society of Chemistry 2015
Fig. 6 FESEM cross section and surface topology images of PES and
NCs membranes.
Paper RSC AdvancesMWCNT (Mem-5) is not suitable to be used with 3 g of PVP for
homogeneous distribution in PES matrix. The ideal loading is
therefore between 0.3 and 0.5 as used in Mem-1 to Mem-3. TheThis journal is © The Royal Society of Chemistry 20153D diagrams of Mem-1 to Mem-3 showed comparatively better
distribution of NCs in the membrane matrix, suggesting that
the membranes were made of a good relevant ratio (f-MWCNT/
PVP with PES). The poor dispersion of NCs also aﬀects the
quantitative measurements of line statistics (Table 2) and
increases the surface roughness parameters with line heights.
In the Mem-1 to Mem-4 membranes, the addition of NCs
positively decreased the surface roughness (Ra, Rq and Rz) with
approximately similar line height prole than Mem-0. The
surface roughness of Mem-5 is similar to Mem-0 but its line
height prole is quite higher than all other membranes.
3.3.4 Contact angle and water absorption. Sessile drop
contact angle and water absorption experiments are generally
used to describe the relative hydrophobicity/hydrophilicity of
membranes.63,64 Low contact angle and high water absorption
values usually mean high hydrophilicity. Fig. 9 shows the
contact angle and water absorption values of pristine PES and
PES/NCs membranes. It is observed that the addition of NCs
reduced the contact angle from 89.9 to 56.1 and increased
water absorption from 27.1 to >235%. The low contact angle
results indicate that NCs were successfully incorporated in the
membrane matrix. The contact angle for Mem-0 was observed
in the range of 93.9 to 85.8 with average 89.9, whereas for
Mem-NT, 86.6 to 78.2 with an average of 83.4 was recorded. If
we compared the highest contact angle of Mem-NT with the
lowest value of Mem-0, it is found that both membranes dis-
played similar result. However, the average contact angle of
both membranes that was determined based on 15 diﬀerent
measurements was varied by 7.7%. This indicated that the
addition of f-MWCNT (in the absence of PVP) in the Mem-NT
did play a role in decreasing membrane contact angle. More-
over, its contact angle was much lower compared to the PES/
PVP/DMF membrane (average 70.4), suggesting the role of
additives in improving membrane hydrophilicity. Fig. 9 also
shows the progressive decline of contact angle and incline of
water absorption results fromMem-0 to Mem-4. The Mem-4 has
a smaller contact angle (56.1) than Mem-5, although the
amount of f-MWCNT was higher in Mem-5. This phenomenon
suggested that some of the NCs might be eluded from Mem-5
during the phase inversion process.3.4 Surface prole and pure water ux
The blending of NCs into PES polymer changed the surface
chemistry than pristine PES membrane as observed by grain
analysis study of membranes. Fig. 10 represents the volume,
area, perimeter, length, radius and diameter of grains present
on the membrane surface. As discussed previously, the addition
of NCs to PES improved the grain diameter, length and perim-
eters of pristine PESmembrane (Fig. 6). The pure water ux (Jw1)
was measured to evaluate the inuence of NCs on the
membrane permeability (Fig. 11). The Jw1 values gradually
increased with increasing fraction of f-MWCNT into the NCs to
0.3 wt% (Mem-4) and then decreased in the Mem-5. Low contact
angle (Fig. 9) and reduced capillary system (Fig. 6) of Mem-5
clearly explained the reduction of its ux in comparison to
Mem-4. The Mem-2 showed the large area and perimeter ofRSC Adv., 2015, 5, 95421–95432 | 95427
Fig. 7 The AFM 3D pictures of surface roughness of all formulated membranes. The white erected line shows the aggregation of NCs.
RSC Advances Papergrains, but it has a lower value of the ux rate, which can be
correlated, to the lower hydrophilicity, water uptake and pore
diameter results. The ux rate of pristine PES and Mem-NTTable 2 The quantitative measurements of line statistics table, represen
XEI standard software of scanned AFM images
Mem-# Line axis Min (nm) Max (nm) Mid (nm) R
Mem-0 X 27 28.5 0.84 5
Y 21 32.4 5.48 5
Mem-1 X 13 18.3 2.55 3
Y 18 12.8 2.5 3
Mem-2 X 13 12 0.5 2
Y 12 8.2 1.9 2
Mem-3 X 17 20.8 1.9 3
Y 15 19.8 2.54 3
Mem-4 X 18 27.7 4.95 4
Y 9.5 33 11.7 4
Mem-5 X 15 70.6 28 8
Y 6.2 73.1 33.5 7
95428 | RSC Adv., 2015, 5, 95421–95432membrane was very low, recording 12.94 and 21.19 L h1 m2
respectively, as shown in Fig. 11. Nevertheless, the addition of
NCs as additives improved the ux rate, especially as found int the reading of two selected lines in the X and Y axis cross sections via
pv (nm) Rq (nm) Ra (nm) Rz (nm) Rsk Rku
5.4 12.3 10.1 48.5 0.06 2.36
3.7 10.9 8.74 43.6 0.4 2.65
1.5 5.68 4.54 22.4 0.5 3.05
0.6 6.68 5.51 26 0.12 2.29
5 5.7 4.77 20.6 0.17 2.2
0.2 4.08 3.27 15.4 0.56 2.78
7.9 8.51 7.15 33.7 0.3 2.27
4.5 8.76 7.56 30.7 0.4 2.05
5.5 8.89 6.73 32.6 0.5 3.41
2.5 6.34 3.77 23.5 2.8 12.4
5.1 12.9 7.88 33.1 3.6 17.7
9.3 11.9 5.83 30.9 4 20.4
This journal is © The Royal Society of Chemistry 2015
Fig. 8 Dispersion behavior of NCs into the membrane at 25k
magniﬁcation.
Fig. 9 The contact angle and water absorption of PES and PES/NCs
based membranes.
Fig. 10 Surface proﬁles of all formulated membranes, obtained via
XEI-AFM software of scanned images. (A) Volume and area of grains,
(B) radius and diameter of surface grain and, (C) perimeter and length
of grains.
Paper RSC AdvancesMem-4 (97.54 L h1 m2). The high hydrophilicity and larger
value of grain volume, area and pore diameter coupled with
higher surface roughness might be responsible for elevated Jw1
of Mem-4.Fig. 11 Pure water ﬂux of all fabricated membranes.3.5 Antifouling properties of membranes
The antifouling performance of the hybrid membranes was
evaluated in terms of static and dynamic protein adsorption,
ux recovery ratio and membrane resistance parameters. The
adsorbed amounts of BSA are presented in Fig. 12. The eﬀective
reduction in the adsorbed protein amount occurred since BSA
was excluded by the tight hydration layer on the membrane
surface.15 In all the membranes, the protein adsorption at
dynamic condition was higher than the static one. It might be
due to the stirring condition in the dynamic phase that forced
the protein molecules to move inside the membrane pores.This journal is © The Royal Society of Chemistry 2015Whereas, in the case of static adsorption the stirring force was
absent and the protein adsorption was mainly occurred on the
surface of membranes. These results were similar to theRSC Adv., 2015, 5, 95421–95432 | 95429
Fig. 12 Protein adsorption of all fabricated membranes.
Fig. 13 Time-dependent ﬂux of all fabricated membranes before and
after modiﬁcation under two cycles of BSA solution ultraﬁltration tests.
Fig. 14 Fouling parameters for all fabricated membranes with respect
to RFR, Rt, Rr and Rir.
RSC Advances Paperndings reported by Nakamura and Matsumoto in which they
compared the protein adsorption rate under the static and
dynamic condition.65 It was observed that in dynamic state
multilayer of protein adhesion on the membrane surface was
mainly responsible to the high adsorption compared to the
static adhesions. In our work, it was found that Mem-2 exhibi-
ted the maximum repulsion in comparison to the other
membranes in both static and dynamic experiments. The
adsorbed amount of BSA (dynamic) on the Mem-5 was found to
be 41.9 mg cm2, which was 24.4% higher than Mem-2, but still
18.4% lower than pristine membrane (Mem-0). The Mem-NT
also showed lower protein adhesion than Mem-0 but higher
as compared to PVP/f-MWCNT nanocomposites based
membranes. The higher adhesion properties of Mem-NT might
be due to its relatively high hydrophobicity, as expressed by its
contact angle of 83.4.
The hydrophobic character of pristine PES membrane is the
signicant weakness that directly related to membrane fouling
as claimed by Khulbe et al. and van der Bruggen.66,67 According
to Kelly and Zydney, hydrophobicity increased the protein
adhesion on the membrane surface and resulted in more severe
fouling.68 Reihanian et al. reported that the hydrophobic
membranes declined in permeability with increasing concen-
tration of protein, whereas highly hydrophilic cellulosic
membrane showed no signicant BSA adsorption.69 Membrane
with hydrophilic surface in general shows relatively low
adsorption of proteins compared to hydrophobic membrane.70
The incorporation of hydrophilic NCs (f-MWCNT/PVP) has
decreased the hydrophobicity of PES membrane which further
improved its fouling resistance, as evidenced in Mem-1 and
Mem-2. Higher BSA fouling found in the Mem-3 and Mem-4
might be due to the aggregation of NCs which increased
surface roughness and negatively aﬀected antifouling property.
The results for the fouling test are presented in Fig. 13. There
was a sharp decreased in the ux for all formulated membranes
when water was replaced by BSA solution. This result was due to
the fouling induced by the adsorption and deposition of the
proteins on the membrane surface. A deeper comparison may
be obtained from the data presented in Fig. 14. Based on this
gure, ux recovery ratio (RFR), total resistance (Rt) and revers-
ible resistance (Rr) was increased while irreversible resistance95430 | RSC Adv., 2015, 5, 95421–95432(Rir) was decreased for all NCs based membranes on compar-
ison to Mem-0 membrane. The main reasonmight be due to the
higher hydrophobicity of the Mem-0, as expressed by the
highest contact angle (89.9) and lower water absorption. The
fouling resistance of Mem-NT was slightly better than Mem-
0 and comparable with Mem-1, but its ux rate was 45%
lower than Mem-1. Mem-2 and Mem-3 showed the best RFR and
resistance parameters. Mem-2 displayed the higher RFR (81.7%
in the 1st round and 72.2% in the 2nd round of BSA solution) but
the Rt, Rr and Rir ratio of Mem-3 was more impressive than other
membranes. The higher RFR of Mem-2 might be due to its
comparatively lower Ra and protein adsorption than Mem-3.
The Mem-3 membrane that displayed relatively lower CA
might be responsible for the good Rt, and Rir ratios. The low Rir
value indicates the superior ability of membrane surface against
protein fouling.3.6 Ultraltration of protein
Fig. 15 shows the separation performance of membranes in
removing BSA, pepsin, trypsin and lysozyme using a feed solu-
tion containing single solute. The rejection rate of solute
improved with increasing NCs loading in the PES membrane
matrix. The results are consistent with AFM analysis in whichThis journal is © The Royal Society of Chemistry 2015
Fig. 15 Separation performance of membranes in removing BSA,
pepsin, trypsin and lysozyme using feed solution containing 1000 ppm
solute.
Paper RSC Advancesdecrease the membrane grain diameter resulted in highest
rejection rate. In this experiment, Mem-2 membrane achieved
the best rejection rate of protein solutes in comparison to the
rest of the fabricated membranes, which was also correlated
with their grain diameter and radius.4. Conclusion
Low fouling nanocomposite UF membranes were successfully
fabricated from blends of f-MWCNT/PVP based NCs with PES
polymer by the phase inversion method. The membranes
exhibited an asymmetric structure with a relatively fully devel-
oped nger-like macrovoids. The FTIR analysis proved that NCs
were successfully embedded within PES membrane matrix and
played an eﬀective role in improving membrane ux and
hydrophilicity. The NC-based membranes had relatively low
protein adsorption and irreversible protein fouling than the
Mem-0 membrane. The AFM proved to be a good tool to observe
the smooth dispersion of NCs and in the Mem-4 and 5
membranes, aggregations of NCs increased the Ra values which
in turn enhanced the protein adsorption. The addition of NCs
improved the antifouling properties with membrane resistance,
especially reversible resistance in Mem-2 and Mem-3
membrane. Results revealed that compared to the pristine
PES membrane, the antifouling ability of PES membrane
incorporated with f-MWCNT/PVP NC is greater, recording
81.7% ux recovery and 80.2% total resistance (>76% were
reversible one). The protein separation results revealed that, the
NCs based membrane was able to reject 93.4%, 74.7%, 59.4%
and 28.5% for bovine serum albumin (66 kDa), pepsin (34.6
kDa), trypsin (20 kDa) and lysozyme (14.6 kDa), respectively.References
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